. Marketplace Himalayan palm civets (Paguma larvata) and raccoon dogs (Nyctereutes procyonoides) harbored viruses highly similar to SARS-CoV. 19 Palm civets are of special interest because virus could be isolated from most marketplace civets, and SARS-CoV can persist in palm civets for weeks. 20 Moreover, the sporadic infections observed in 2003-2004 were associated with restaurants in which palm civet meat was prepared and consumed. 13, 14 Additionally, culling of palm civets dramatically reduced the number of infected animals in the Guandong marketplace and may be responsible for the absence of virus in humans after the winter of 2003-2004. 12, 21 Finally, functional studies of the viral receptor, described below, also support a critical role for palm civets in transmitting virus to humans. 22 Although the palm civet is likely to have been the immediate source of virus found in humans, evidence suggests that they served as a conduit for virus from another reservoir or precursor host. For example, although SARS anti-sera and virus was overwhelmingly present in marketplace palm civets in Guangdong, the vast majority of civets on farms and in the wild were found free of infection. [23] [24] [25] Further, analysis of the rates of coding changes in the genomes of viruses isolated from palm civets suggest that the genome is not at equilibrium in the palm civet host. 14, 23 Recently, SARS-CoV-like viruses have been isolated from several bat species, predominately horseshoe bats (genus Rhinolophus). 26, 27 The genetic diversity of this virus in bat hosts, and the absence of overt disease, is consistent with a role for bats as a reservoir for SARS-CoV. However, as described below, substantial genetic changes in the spike (S) protein of bat SARS-CoV are likely necessary for this virus to infect humans.
CORONAVIRUS S PROTEINS AND THEIR RECEPTORS
Three distinct genetic and serological groups of coronaviruses have been defined. 28, 29 Coronaviruses from groups 1 and 2 are known to cause disease in humans. 30 Human coronavirus 229E (HCoV-229E), a group 1 virus, and human coronavirus OC43 (HCoV-OC43), a group 2 virus, cause mild upper respiratory infections that result in self-resolving common colds in otherwise healthy individuals. 29, 30 Human coronavirus NL63 (HCoV-NL63; also referred to as HCoV-NH and HCoV-NL) has recently been identified as a group 1 virus causing conjunctivitis, croup, and sometimes serious respiratory infections in children. [31] [32] [33] HCoV-NL63 is also notable for its use of the SARS-CoV cellular receptor ACE2 to infect cells. 34 Another group 2 coronavirus (HCoV-HKU1) was recently isolated from a 71-year old man with pneumonia. 35 SARS-CoV and SARS-CoV-like viruses found in animals also cluster with group 2 viruses, although they are outliers of group 2 and have been also described as group 4, or, more recently, group 2b viruses. [36] [37] [38] Several coronavirus cell-surface receptors have been identified. Aminopeptidase N (APN, CD13) was shown to be the receptor for canine coronavirus, feline infectious peritonitis virus, HCoV-229E, porcine epidemic diarrhea virus, and transmissible gastroenteritis virus, all of which are group 1 coronaviruses. 39, 40 Members of the pleiotropic family of carcinoembryonic antigen-cell adhesion molecules (CEACAMs) were identified as receptors for the group 2 pathogen murine hepatitis virus, [41] [42] [43] whereas bovine group 2 coronaviruses bind to 9-O-acetylated sialic acids. 44 In 2003, ACE2 was identified as a functional cellular for SARS-CoV. 45 The role of ACE2 in HCoV-NL63 infection was demonstrated after isolation and characterization of this recently described group 1 coronavirus. 34 
ACE2, THE SARS-CoV RECEPTOR
ACE2 was identified as a functional receptor for SARS-CoV using a direct biochemical approach. 45 The S1 region of the SARS-CoV S protein was used to precipitate ACE2 from Vero E6 cells, an African green monkey kidney cell line previously shown to support efficient viral replication. Robust syncytia formed between HEK 293T cells expressing the S protein and those over-expressing ACE2. Transfection of cell lines with ACE2 rendered them permissive to infection with SARS-CoV and with retroviruses pseudotyped with S protein. 45, 46 Anti-ACE2 antisera, but not identically prepared anti-ACE1 sera, blocked replication of SARS-CoV, as did a soluble form of ACE2.
Many lines of evidence further implicate ACE2 as the principal receptor utilized in vivo by SARS-CoV. ACE2 is expressed in the lung and in the gastrointestinal tract, the major sites of replication of the virus. [47] [48] [49] [50] The efficiency of infection in humans, mice, rats, and palm civets correlates with the ability of the ACE2 of each species to support viral replication. 20, 22, [51] [52] [53] ACE2 binds S protein specifically, with approximately 2 nM affinity. 54 Although many cell lines do not express ACE2, all cell lines shown to support efficient SARS-CoV infection express this receptor. 55, 56 The ACE2-binding region of the S protein raises a protective neutralizing antibody response in mice, and anti-S-protein antibodies that block ACE2 association protect mice and hamsters against infection. [57] [58] [59] [60] Finally, little or no viral replication is observed in ACE2 -/mice. 61 Additional factors may also contribute to the efficiency of infection. DC-SIGNR (L-SIGN, CD209L), DC-SIGN (CD209), L-SECTIN have been shown to enhance infection of ACE2-expressing cells, 62-65 these proteins do not appear to mediate efficient infection in the absence of ACE2. 63, 64 ACE2 is a type I transmembrane protein with a single metalloprotease active site with a HEXXH zinc binding motif. 66, 67 The enzyme has been shown to cleave a variety of regulatory peptides in vitro, among them angiotensin I and II, des-Arg-bradykinin, kinetensin, and neurotensin. 66, 68 Some cleavage products have been shown to be potent vasodilators with antidiuretic effects. This finding suggests that ACE2 counterbalances the actions of ACE1, which mediates vasoconstriction. 69 Furthermore, targeted disruption of ACE2 in mice resulted in severe cardiac contractility defects. 70 The enzymatic activity of ACE2 does not contribute its ability to mediate fusion and viral entry, and small molecule inhibitors that block catalysis do not inhibit SARS-CoV infection. 22 However, ACE2 proteolysis has been implicated in SARS pathogenesis, and in acute respiratory distress syndrome (ARDS) caused by other viruses. 61, 71 These studies also demonstrated that SARS-CoV S protein can downregulate pulmonary ACE2, and that soluble ACE2 can protect mice from lung injury in a model of ARDS.
THE SARS-CoV RECEPTOR-BINDING DOMAIN
Discrete, independently folded, receptor-binding domains (RBDs) of the S proteins of several coronaviruses have been described. [72] [73] [74] [75] [76] [77] The first 330 amino acids of the 769residue S1 subunit of the murine hepatitis virus S protein is sufficient to bind its receptor, CEACAM1. 72 A very different region of the S1 domain of HCoV-229E, between residues 407 and 547, is sufficient to associate with CD13. 73, 74 A 192-amino-acid fragment of the SARS-CoV S1 domain, residues 319-510, binds human ACE2 with greater efficiency than does the full-length S1 domain. [75] [76] [77] The RBDs of these coronaviruses are found in distinct regions of the primary structure of the S protein. This pattern may suggest that coronavirus S proteins are adapted for easy acquisition of novel binding domains, or for rapid shifts in receptor usage.
The crystal structure of the SARS-CoV RBD is consistent with this speculative possibility. 78 The RBD contains two subdomains: a core and an extended loop. The core is a five-stranded, anti-parallel β-sheet, with three short connecting α-helices. The loop, residues 424-494, termed the receptor-binding motif (RBM), is the only domain that contacts ACE2 directly. Although the RBD core domain is homologous with similar regions of other group 2 coronaviruses, the RBM is unique to SARS-CoV. Some evidence supports the suggestion that the RBM has been acquired from another coronavirus, perhaps a group 1 virus relative of HCoV-NL63. As indicated, HCoV-NL63 also enters cells through ACE2, 34 and its extended RBD region includes a stretch of residues with weak homology to the SARS-CoV RBM (unpublished observations). Moreover, the recently described SARS-CoV-like viruses isolated from bats lack this stretch of residues, including those residues directly contacting ACE2. 26, 27, 78 The absence of these RBM residues is consistent with the inability of these viruses to grow on tissue culture cells permissive for SARS-CoV. 26, 27 If indeed bats are reservoir animals for a SARS-CoV predecessor, acquisition of this ACE2-binding region is likely to have been a critical event in the evolution of the virus. According to this scenario, the virus found in bats utilizes another receptor. A recombination event, perhaps with a group 1 virus similar to HCoV-NL63, occurring in bats, palm civets or another host, may have given rise to SARS-CoV.
INSIGHTS FROM ANIMAL ACE2 AND ANIMAL-DERIVED VIRAL ISOLATES
The ability of the ACE2 proteins of mice, rats, and palm civets to support SARS-CoV infection has been compared with that of human ACE2. 22, 51 Compared with cells expressing human receptor, SARS-CoV infection was less efficient in cells expressing murine ACE2. Infection was nearly absent in those expressing rat ACE2. Consistent with a role for palm civets in transmitting virus, palm civet ACE2 supported SARS-CoV infection as efficiently as human ACE2. These results correlated with affinity of each of these receptors for the S protein and its RBD. 22, 51 Chimeras between human and rat ACE2 receptors were used to identify the S-protein binding site on ACE2. 22 Mutation of four rat ACE2 residues (82-84 and 353) to their human equivalents converted rat ACE2 into an efficient SARS-CoV receptor. Residues 82-84 comprise a glycosylation site on the rat receptor that is not present on mouse, palm civet, or human receptor. Residue 353 is a histidine in mouse and rat receptors, and a lysine in palm civet and human ACE2. Strikingly, alteration of histidine 353 of mouse ACE2 to the human lysine results in a receptor that supports infection as efficiently as human ACE2 (Wenhui Li, unpublished observation). Alterations of additional residues along the first helix of human ACE2 (lysine 31 and tyrosine 41) to alanine interfered with S-protein-mediated infection and RBD association. Collectively these data localize the S-protein-binding region to the membrane-distal lobe of the cleft that contains the catalytic site of ACE2. 22, 78 Three S proteins of distinct origins have been compared for their ability to use human and palm civet ACE2. 22, 79, 80 The first, TOR2, was isolated during the 2002-2003 epidemic. 81 The second, denoted as GD03, was isolated from the sporadic infections in 2003-2004. 82 The third, SZ3, was obtained from palm civets. 19 Both SZ3 and, less expectedly, GD03 bound and utilized palm civet ACE2 much more efficiently than human ACE2. 22 In contrast, TOR2 utilized both receptors efficiently. The efficiency with which virus from both human outbreaks utilized palm civet receptor is consistent with recent transfer of SARS-CoV from palm civets to humans. The lower efficiency with which GD03 utilized human ACE2 compared with TOR2 may in part account for the mildness of symptoms, and absence of subsequent transmission observed during the 2003-2004 infections. 13, 14 The differences in these three S-proteins were also reflected in the ability of their RBDs to bind human and palm civet ACE2. Two amino acids, residues 479 and 487, largely determined the much greater efficiency with which the TOR2 RBD bound human ACE2. 22, 79 Residue 479 is an asparagine or serine in all S proteins isolated from humans, either during the 2002-2003 epidemic or during 2003-2004 infections. However most sequences isolated from palm civets or raccoon dogs encode a lysine at this position. This lysine is incompatible with human ACE2, but palm civet ACE2 can efficiently bind S proteins expressing either lysine or asparagine, without an apparent preference for either. 22 Palm civets may therefore be an important intermediate in the transfer of SARS-CoV to humans, permitting the emergence of viruses that express a small, uncharged amino-acids at S-protein residue 479.
Residue 487 is also of interest. Residues 487 is a threonine in all of the more than 100 S protein sequences obtained during the 2002-2003 outbreak. 82 It is a serine in S proteins from viruses isolated during the mild 2003-2004 infections, and in all but one of the 20 or so S-proteins sequences obtained from palm civets and raccoon dogs. The relatively modest change of threonine in the TOR2 RBD to serine resulted in an approximately 20-fold decrease in binding to human ACE2. 22 A corresponding increase was observed when a threonine was introduced into the SZ3 RBD. A threonine at position 487 also substantially increased association with palm civet ACE2. Notably, the single palm-civet-derived S protein sequence that encoded a threonine at position 487 also encoded an asparagine at position 479 (Zhihong Hu, personal communication). The have been necessary to generate a SARS-CoV that could efficiently transmit between humans. The infrequency of threonine 487 in animal-derived viruses may suggest that the receptor of the ultimate reservoir of SARS-CoV better utilizes a serine at this position.
The co-crystal of ACE2 with the SARS-CoV RBD clarifies these observations. 78 TOR2 S-protein asparagine 479, most commonly a lysine in palm civet virus, interacts with a network of residues that include lysine 31 of human ACE2. Palm civet and murine ACE2 express small, uncharged residues at this position, presumably better accommodating an S-protein lysine. S-protein residue 487, a threonine in all epidemic SARS-CoV isolates, directly contacts critical ACE2 lysine 353. Interaction of the threonine methyl group with lysine 353 provides a clear explanation for the decrease in affinity for human and palm civet ACE2 when this threonine is altered to serine. 213 emergence of this rare combination of S-protein residues in palm civet-derived virus may 7. CONCLUSIONS Important questions remain. What receptor does bat SARS-CoV utilize? If bats are indeed a reservoir of SARS-CoV-like viruses, when and in which species did these viruses acquire an S protein capable of using palm civet and human ACE2? Did SARS-CoV gain the use of ACE2 through recombination, and if so, with what transcript? Are changes in the S protein that enhanced human-to-human transmission a probable consequence of incubation in palm civets and other animals, or a unique event unlikely to recur? What other changes in other viral proteins were necessary for SARS-CoV to transmit efficiently among humans? Our experience with SARS has taught us much about zoonotic transmission and coronaviral evolution, and there is yet more to learn.
